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1.0 Abstract 
The Chilled Ammonia Process (CAP) can be applied to capture CO2 from flue gases exhausted from coal-fired 
boilers and natural gas combined cycle (NGCC) systems, as well as a wide variety of industrial applications. Initial 
tests conducted at the We Energies Pleasant Prairie Power Plant indicate that CAP can absorb CO2 using regenerated 
ionic solution on a continuous basis.  
The We Energies facility is designed to capture over 35 tonnes/day of CO2 at design rates. The facility was 
engineered, installed, and is being operated as a co-operative effort between Alstom (the process supplier) who 
engineered and constructed the pilot; EPRI (including 37 funders) who is conducting data collection and process 
evaluation; and We Energies who is providing operating utilities and is serving as the site host. 
The CAP is a solvent-based regenerable process that uses an aqueous ammonium solution to capture CO2 by 
forming ammonium bicarbonate. The bicarbonate is subsequently heated to drive off the CO2 with the resulting 
carbonate returned to the CO2 absorption system for re-use.  
Anticipated advantages of the CAP over an amine-based process include: 
- Lower energy for regeneration 
- Regeneration at pressure 
- Ability to offset LP steam consumption with reject heat (Not tested at We Energies) 
- Cooling to minimize ammonia penetration from the absorber 
Results from the initial operation of the CAP process at the We Energies site are presented in this paper. 
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1. Introduction 
There is a growing awareness that levels of CO2 and other greenhouse gases are contributing to global warming and 
to fundamental shifts in the Earth's climate. Power generation is the single largest contributor to global CO2
emissions.  To meet the anticipated future demand for carbon capture and storage from power generation facilities, 
Alstom has initiated an extensive program to develop oxy and post-combustion capture technologies.  This paper 
will discuss Alstom's development of the chilled ammonia technology for post-combustion carbon capture. 
The initial phases of this research were conducted at SRI International in conjunction with the Electric Power 
Research Institute (EPRI) and StatoilHydro. Data gathered from operating bench scale absorbers enabled the design 
of pilot scale absorbers and a regenerator, which were operated from March 2007 through June 2008. The 
experiments conducted during this period:   
1. Evaluated the impact different operating parameters have on CO2 removal efficiency. 
2. Demonstrated the ability to generate solids in the absorbers under controlled conditions. 
3. Demonstrated the ability to regenerate and re-use the ionic solution for CO2 removal. 
4. Achieved low moisture and ammonia levels in the CO2 product stream.  
5. Provided the basis for sizing the field scale pilot that was installed at We Energies.   
The field pilot at We Energies was commissioned in March 2008. During the commissioning stage, a number of 
construction related issues were uncovered which hampered operations. Over time, these issues were resolved and 
substantial progress has been made towards a stable operation at design conditions. The data presented later in the 
Results section reflects the operation through September 2008. 
2. Results 
2.1. EPRI Monitoring Test Plan 
To protect the proprietary nature of Alstom’s development program, the EPRI monitoring program focuses on 
overall process inputs and outputs. In general, information on the conditions in the streams flowing between the unit 
operations is not a subject of the test program. With that premise, to evaluate the Chilled Ammonia Process, EPRI 
has devised a plan for accumulating and reporting data generated by the field pilot. The program is segmented into 
three phases. The program is currently in the Preliminary Testing Phase.  
- Preliminary Testing 
- Parametric Testing 
- Long Term Testing 
Preliminary Tests are intended to evaluate the inter-relationship between the different unit operations and to 
understand the conditions needed to support stable operations on power plant flue gas. While these tests identified 
auxiliary areas where modifications may be required to bring the system completely into balance, the basic 
operation of the Absorber and Regenerator have been stable and are consistent with the earlier results. 
Parametric Tests are designed to evaluate process performance as measured by the effect that dependent variables 
have on the independent variables. The starting point for the Parametric Tests at We Energies is based on earlier 
results, which identified the following independent variables: 
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- Flue Gas Flow rate 
- Solution Strength 
- Process Temperatures 
- Process Pressures 
The dependent variables identified earlier include: 
- CO2 Removal, Product Quality 
- Ammonia slip leaving with residual flue gas 
- Utilities usage (Heat, chilled water) 
- Materials usage/disposal  
As noted previously, this set of variables relates to overall process operations. Within the unit operations, there is another 
set of variables, which serve as a benchmark for those operations. Alstom considers that information proprietary and as a 
result, this information is not a subject of the monitoring test program. 
Long Term Tests are scheduled to evaluate those conditions that are subject to longer time constants or have a 
qualitative component to them. These conditions include: 
- Heat transfer (exchanger fouling mechanisms) 
- Mass Transfer (fouling/foaming mechanisms) 
- System Dynamics (pressure drop) 
- Reaction byproducts  
- Interaction with flue gas contaminants  
- Effects of diurnal changes in ambient conditions on process performance 
The deliverables from the overall test program include: 
- Material flow summaries (Process Characterization) 
- Thermal integration opportunities 
- Utility and material operating costs 
- Equipment requirements and capital costs 
- Utility service demands (Cooling Water, Chilled Water, Steam, Power Usage) 
- Contaminant interaction with CAP ionic solutions (SO2/SO3, NOx, PM, Hg, HAP’s) 
These deliverables are to be used to estimate the following benchmark criteria, which can be used to evaluate the 
viability of the process: 
- Develop levelized costs (and uncertainties):  
- Process CO2 removal costs ($/t CO2)
- Cost of electricity impact ($/MWh) 
2.2. Test Methodology 
EPRI is responsible for generating and reporting the liquid analysis data that characterizes each process input and 
discharge stream during operations. These characterizations are developed using standard protocols for gas and 
liquid sampling. The streams evaluated in this way include: the primary flue gas feed, ammonium bicarbonate  
make-up, water make-up, the residual flue gas discharged to the stack, CO2 product captured, condensate generated 
by the flue gas cooler, and the bleed stream purged from the direct contact cooling system. To facilitate this effort, 
an on-site laboratory staffed by individuals under the supervision of EPRI project management uses the following 
liquid test methods: 
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- NH4+  Total Titration to pH =4.5 
- CO32-  Total Titration to pH=7.5 
- HCO3-  Titration from pH=7.5 to pH =4.5 
- % solids  (NH4)HCO3 by gravimetric 
- ASH  total insoluble by gravimetric 
- SO32-  EPRI Method M2
In addition to on-site analysis, EPRI performs a number of off-site tests as well including: 
- SO42-  EPA Method 300.0
- Metals  SW6010B 
- Hg  SW7470 
Gas Testing has two components. As part of the overall control and operations strategy, the routine data collection 
and analysis is done by Alstom. This data is recorded on a continuous basis using an FTIR, which reports on CO2
SO2, NOx, and NH3 for selected streams. On a campaign basis, the following gas sampling program is planned: 
- SO2  EPA Method 6c 
- NOx  EPA Method 7e 
- CO2  EPA Method 3a 
- NH3  EPA Conditional Test Method 027 
- SO3  NCASI Method 8a 
- PM   EPA Method 29 peroxide/permanganate 
- HAPs/Hg EPA Method 29 
These results will be used to evaluate the system’s ability to capture residual pollutants emitted from the WFGD and 
to evaluate the constituents in the liquid waste stream from the Direct Contact Cooler.  Contaminants from the 
power plant flue gas include: sulfur trioxide, chloride, fluoride, coal ash, gypsum, limestone, heavy metals including 
mercury, cadmium, arsenic, antimony, lead, molybdenum, selenium and vanadium.  
2.3. Initial Results 
The initial results are promising but incomplete. The primary objective of these initial runs is to establish start-up 
and shutdown procedures and to understand the relationship between unit operations that had not previously been 
operated on a continuous basis on power plant flue gas. Since start-up, over 1000 hours of operation have been 
logged during which over 100 tons of CO2 has been captured. In conjunction with these initial operations, efforts are 
underway to achieve the process conditions established by the laboratory experiments. These efforts include 
instrument calibration to close the material balance and establish a fully validated data set. However, the following 
sections present a first look, unaudited data set, which establishes a progress milestone in the development of 
Alstom’s Chilled Ammonia Process. 
2.3.1. We Energies’ Flue Gas Characterization 
On a wet basis, emissions from the We Energies Unit 2 WFGD are as follows: 
Low High
- Temperature (°F)      132     137 
- FTIR CO2 (vol %)      9.8   12.3  
1422 F. Kozak et al. / Energy Procedia 1 (2009) 1419–1426
Author name / Energy Procedia 00 (2008) 000–000 5
- FTIR SO2 (ppmv)    3.3      9.4  
- FTIR NOx (ppmv)    28      54  
- FTIR NH3 (ppmv)    0.9                 3.5  
2.3.2. CO2 Removal Efficiency  
The primary objective of the Chilled Ammonia Process is the removal of CO2 from power plant flue gas. The initial 
operating results as shown in Figure 1 are mixed because they were performed at a time when the measuring devices 
were being calibrated and the operations team was learning how the unit operations interacted with one another as 
continuous systems. Still, the results are an important step toward demonstrating the capability of the Chilled 
Ammonia Process.     
As operating experience was 
gained, the team began to focus on 
achieving stable operating points as 
the concentration of the ammonia in 
the ionic solution was increased. 
Figure 2 shows a stable operation 
that was conducted as part of the 
ongoing preliminary test series. 
During this run, the gas flow rate 
was 90% of design, the ammonia 
concentration in the ionic solution 
was 50% of design and the average 
CO2 capture efficiency was 80%.  
Figure 1: CO2 Removal Efficiency at High Circulation Rate 
While this result is below the design capture efficiency 
of 90%, the fact that the test was conducted with an 
ammonia solution that was half the design value is 
encouraging. 
2.3.3. Ammonia Slip 
While the CO2 removal is within the general context of 
the design, the initial data on ammonia slip is higher 
than expected.  These initial results were a function of 
unstable regenerator/stripper system operations.  As 
these issues are being resolved, the ammonia slip has 
been reduced to lower levels as indicated by Figure 3 
and an effort is underway to achieve further reductions.   
Figure 2: CO2 Removal Efficiency during Continuous Test Run 
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Figure 3: Ammonia Slip to Residual Flue Gas  
The process objective is to control the ammonia slip to acceptable environmental standards.  
3. Discussion 
3.1. Process Description
The Chilled Ammonia Process captures CO2 from flue gas by direct contact with a CO2 lean ammoniated solution at 
temperatures below 20°C. In the primary absorption reaction, ammonia carbonate reacts with CO2 in the flue gas to 
form ammonia bicarbonate, which precipitates as a solid. This solid is concentrated and sent to the regeneration unit 
where the chemical reaction is reversed with the application of heat. CO2 released by the regeneration reaction 
pressurizes the system. The regenerated lean solution is returned to the absorber where it is re-used to capture CO2
once again.  
Using a synthetic flue gas, (ambient air injected with CO2), all of these steps were demonstrated at the facility 
constructed at SRI International. The facility constructed at We Energies is an order of magnitude larger and 
incorporates the following features: 
- Utilizes industrial sized equipment to sustain continuous operation 
- Processes a flue gas generated by a coal fired power plant 
- Operates continuously as an integrated unit 
- Demonstrates the unit operations needed to capture CO2 without excessive ammonia release.  
A schematic of the Chilled Ammonia Process as installed at We Energies’ is shown in Figure 4. The system is 
expected to achieve a high removal of CO2 as well as reduction of residual emissions of SO2, HCl, SO3, and 
particulate matter (PM). 
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The CAP consists of a Flue Gas Cooling 
System, an Absorption System, and a 
Regeneration System, which are described 
in the following sections. 
Gas
Water
Rich Solution
Lean Solution
3.1.1. Flue Gas Cooling 
Flue gas exits the Flue gas Desulfurization 
(FGD) Unit at temperatures between 120-
140°F (50-60°C).  This gas is saturated 
with water and contains residual 
contaminants such as SO2, NOx, HCl, 
sulfuric acid mist and filterable and 
condensable particulate matter (PM).  To 
cool the saturated flue gas, direct cooling 
using cooling towers and mechanical 
chillers is employed in a Direct Contact 
Cooling (DCC) tower to condense water,  
capture residual emissions, and reducethe 
volume of flue gas introduced to the 
absorption system.   
In this system, a balance is achieved between the flue gas moisture condensed in the DCC and the water evaporated 
in the cooling tower. Any differences can be made up with water condensed in the flue gas cooler upstream of the 
absorption system. An ID Fan is provided to balance pressure losses throughout the system.  
3.1.2. CO2 Absorption 
The cooled flue gas enters the CO2 absorber system containing less than 1% moisture, 5 ppm SO2, and undetectable 
levels of HCl and PM.  The CO2 absorber system contacts an aqueous solution containing ammonium, carbonate, 
and bicarbonate ions with the flue gas where up to 90% of the CO2 is removed. Prior to discharge, ammonia that 
saturates the residual flue gas is scrubbed in a water wash column where it is returned to the process. Clean residual 
flue gas, containing nitrogen, oxygen and CO2 is sent to the stack for atmospheric discharge.  
3.1.3. High-Pressure Regeneration 
The CO2 rich solution is pumped through a series of heat exchangers to heat the ionic solution to dissolve the solids 
using the heat available in the lean solution, which is cooled before being returned to the absorbers. As the temperature 
increases above 175°F (80°C), solids dissolve and a clear solution is achieved prior to injection into the regenerator.   
Regenerator pressure is driven by the vapor pressure of liberated CO2 at the bottoms temperatures. Heat is provided to 
the system using low pressure steam in a thermosyphon reboiler. This heat liberates CO2 from the rich solution to 
cause a stripping action in the upper stages of the regenerator. The objective is to produce a lean solution with an R 
Value (ratio of moles of NH3 to moles of CO2 in solution) of between 2.0 to 2.4.   
3.2. Field Pilot Design and Construction 
Engineering for the field pilot was initiated in March 2007 with equipment purchases and delivery continuing through  
March 2008. Construction commenced in July 2007 and was completed in April 2008.  Pilot commissioning commenced 
shortly thereafter.  The key components in the design included: 
x Absorber Vessels with internals 
x Pressure Vessels with internals 
x ID Fan 
x Absorber Circulation Pumps 
Figure 4 – Flow Schematic of the Chilled Ammonia Process
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x Regenerator Feed Pumps 
x Heat Exchangers for Cooling and Heating 
x Chiller System 
x Evaporative Cooling Tower 
x Process Instruments and Control Valves 
x PLC from Process Controls 
x Gas Sampling System  
The configuration of the pilot facilities is shown in Figures 5 and 6. The unit is designed to remove CO2 from flue 
gas extracted from the duct that runs between the Unit 2 wet FGD and the stack. After process discharge sampling 
measurements, the CO2 and treated flue gas are recombined with Unit 2 flue gas for discharge to the stack. At design 
capacity, the constructed pilot system captures over 1,600 kg CO2/hour (almost 15,000 tonnes/year).  
  Figure 6- Field Pilot 
Figure No.5 -3-D View of We Energies’ Field Pilot 
4. Conclusions 
The development team has significantly improved their understanding of the process and the fundamental system 
parameters. The results and the lessons learned from the initial operation of the We Energies Pilot facility are very 
encouraging. Alstom is committed to execute the planned test program in partnership with EPRI and We Energies to 
validate the Chilled Ammonia Process. We look forward to providing additional results as the test program 
proceeds. 
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